Laminar burning speed and ignition delay time behavior of iso-octane at the presence of two different biofuels, ethanol and 2,5 dimethyl furan (DMF), was studied in this work. Biofuels are considered as a better alternative source of fossil fuels. There is a potentiality that combustion characteristics of iso-octane can be improved using biofuels as an oxygenated additive. In this study, three different blending ratios of 5%, 25%, and 50% of ethanol/iso-octane and DMF/iso-octane were investigated. For laminar burning speed calculation, equivalence ratio of 0.6-1.4 was considered. Ignition delay time was measured under temperature ranges from 650 K to 1100 K. Two different mechanisms were considered in numerical calculation. These mechanisms were validated by comparing the results of pure fuels with wide range of experimental and numerical data. The characteristic change of iso-octane with the presence of additives was observed by comparing the results with pure fuel. Significant change was observed on behavior of iso-octane at 50% blending ratio. A comparison was also done on the effect of two different additives. It has found that addition of DMF brings significant changes on iso-octane characteristics comparing to ethanol.
Introduction
Transportation is one of the major sources of global energy consumption and one of the main contributors to the pollutant and greenhouse gas (GHG) emissions. To maximize fuel efficiency while dramatically reducing transportation related petroleum consumption and GHG emissions, comprehensive fuel and engine research and development are required. It is commonly accepted that clean combustion can be fulfilled only if engine development is coupled with development of improved or reformulated fuels. This can be achieved by blending conventional petroleum-based fuels with sustainable oxygenated additives. Oxygenated additives can be used in order to reduce HC and CO emissions, increase the octane number in gasoline-like fuels, lower GHG emissions through the carbon fixation, and significantly reduce the particulate levels in diesel engines. In order to improve and optimize existing combustion engines for oxygenated biofuel blends, it is essential to deeply understand their fundamental combustion characteristics and kinetic pathways.
Laminar burning speed is a physiochemical property of the air-fuel mixture and a very important and widely used parameter in combustion. It has also an important role in developing and validating chemical mechanisms. That is why laminar burning speed is an important target in the combustion researches. Another widely used and important property in the combustion is ignition delay time. It has both physical and chemical effects on the combustion of diesel and gasoline engines. This parameter is also used to control the NO x emissions. Due to its chemical effect, it has also significance in mechanism development. Therefore, to develop a new mechanism and to study the combustion, these two parameters are widely used in various researches [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] .
Gasoline is one of the most widely used fossil fuels. Various experimental and numerical works have been conducted to improve the combustion properties of gasoline [1, [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] . Gasoline is a combination of iso-octane, n-heptane, and toluene. Therefore, to build a kinetic mechanism of gasoline for numerical purposes, combination of all these surrogate fuels is used. A gasoline surrogate model was developed by Curran et al. [19] by adding iso-octane oxidation over wide range of temperature and pressure. The model was validated by the shock tube experiment. Rapid compression machine and shock tube analysis were also used by Curran et al. [19] to add n-heptane in the mechanism by incorporating both high and low pressure cases. Other researchers used his mechanism in their works to do numerical calculation [28, 30] . To decrease the computational time, gasoline surrogate reduced mechanism has been developed by other researchers [29, 30] . A new optimized mechanism is developed by Cai and Pitsch [31] to address the real fuel hydrocarbon and its surrogate mixture. They included all the primary reference fuels along with n-heptane and iso-octane. The compact mechanism was compared and found to be in good agreement with other models and experimental results. This work also included the calculation of ethanol by adding its mechanism.
With the increase in population and growth of economy, the sources of gasoline are getting limited. Moreover, combustion of gasoline is harmful for environment. Therefore, oxygenated dropin fuels are being considered as alternative source. Alcohol has always been considered as a good source of oxygenated additive in spark ignition engines. Its oxygenated nature and high octane number made it popular. Large numbers of research works were conducted on performance analysis of ethanol [12, [32] [33] [34] [35] [36] [37] [38] [39] . Though alcoholic fuels like ethanol is better alternative, till now it was not used in the engines, as a pure fuel, due to less availability. Moreover, the cost of ethanol is high to effort. Therefore, various researches were conducted on the effect of the mixture of ethanol and gasoline. Researchers found advantages of ethanol while using its mixture with gasoline [13, 15, 17, [40] [41] [42] [43] [44] [45] [46] [47] [48] [49] [50] [51] [52] [53] . Palmer [47] in his research used variable blend ratio of ethanol and gasoline to test on engines. Marinov [17] came up with a high temperature detailed mechanism to simulate for pure ethanol and compared his results with experimental work to validate it. There are works available using the blending of gasoline and ethanol [45, [48] [49] [50] [51] in improving emission. Dirrenberger et al. [23] in their research showed the effect of adding ethanol with gasoline on laminar burning speed. They generated a new mechanism adding nheptane, iso-octane, and toluene for the numerical simulation. Both numerical and experimental results were compared with and without addition of ethanol. They found a good agreement between their experimental and numerical results. The work concluded with the observation that up to 15% addition of ethanol with gasoline brings negligible effect on laminar burning speed. Various ethanol and iso-octane blending effects were studied experimentally by Rau et al. [13, 23] . They also observed that laminar burning speed remains unchanged up to certain percentage of ethanol. They predicted that higher value of ethanol addition may bring similar laminar burning speed as pure ethanol.
Besides ethanol, there are other sources of oxygenated additives. From recent studies, a new form of biofuels under furan group becomes popular. These biofuels are extracted mostly from the cellulose biomass [2, [54] [55] [56] [57] [58] [59] [60] [61] [62] . Researcher Lifshitz [54, 55, 63] with his coworker did several studies on furan biofuel. They worked on the thermal effect of furan, methyl furan (MF), and 2,5 dimethyl furans (DMF). Till now, most available fuels from furan group are these three. There are published works on measurement of laminar burning speed for MF and DMF [16, 58, 60, 62, 64] . Chemical mechanisms were also developed for these biofuels. Researcher Sirjean et al. [64] developed mechanism for DMF calculation. He used shock tube analysis to validate his work. As a source of oxygenated fuel, DMF is also able to bring change on laminar burning speed while added with other fuels like gasoline. These changes vary from lean to the rich mixture conditions. Wu et al. [16] used octane-furan blend to test laminar burning speed and concluded that, even adding small fraction of DMF with isooctane, increased the laminar burning speed at fuel rich condition. Same researcher further updated his work by comparing laminar burning speed of DMF, gasoline and a new fuel, which is the mixture of both [16] . A detailed mechanism for MF was developed by Somers et al. [58] . He also later came up with detailed mechanism of DMF [2] . These mechanisms were used by several researchers recently to do the numerical simulation of DMF. Liu and coworkers [56, 57, 59] , in their research on biofuels, described the combustion chemistry of available furan group fuels. They came up with a single mechanism, which was able to perform simulation for furan itself, MF and DMF. Their work modified the mechanism developed by Tian et al. [65] . The mechanism is tested and validated with some experimental work, which showed an encouraging result. In the further study, they have done more experimental work on MF and DMF. Recently, a detailed experimental and comparative study was done on this three furan groups by Tran et al. [66] . They worked with low to moderate temperature ranges. The mechanism was developed with the help of experimental work and it suggested using more experimental work to modify the mechanism. There are few works available on blending of gasoline and different biofuels of furan [11, 14, 16, 39, [67] [68] [69] [70] [71] [72] [73] . Differences in emission were observed while comparing MF and DMF with other fuels like gasoline on direct injection spark ignition engine [39] . Researchers also tried to improve the engine emission quality by using gasoline/DMF blend [67, [70] [71] [72] [73] . Wei et al. [70] at their research used blending of MF-gasoline and compared the result of emission with some other blends of gasoline. Their results showed that MF-gasoline blend lowers the emission of unburned hydrocarbons and carbon monoxide. However, it increases the NOx emission. Similarly, MF blending with gasoline has tested on spray system [72] . DMF and gasoline blend was also observed by several researchers [67, 73] . Adding DMF with gasoline can increase laminar burning speed as shown by researchers Wu et al. [16] . In their work, he studied the laminar burning speed of 80/20 iso-octane and DMF blend. He also studied the Markstein length in his work. The results showed that at equivalence ratio more than 1.2, the laminar burning speed of blending fuel is higher than laminar burning speed of iso-octane. Eldeeb and Akih-Kumgeh [11] , in their research, compared the ignition delay behavior of DMF and 2-ethyle furan. They also investigated the effect of 50-50 blend of DMF and iso-octane blend on ignition delay time and found that the ignition delay time of the blending fuel remains in between the result of DMF and iso-octane. Their proposed mechanism is the combination of Somers et al.'s [2] DMF mechanism and Mehl et al.'s [1] gasoline mechanism, which is also used in the present research work.
Though till now several works are found on ethanol/iso-octane blend, very few works exist in literature on blending of DMF/isooctane. Moreover, the comparisons between these two additives are not available. Therefore, the goal of the current work is to calculate the effect of various blending composition of both ethanol/isooctane and DMF/iso-octane. The calculation is focused on two very important combustion characteristics, laminar burning speed and ignition delay time. Three different blending ratios for each case are considered with wide range of equivalence ratio and temperature.
Kinetic Analysis
Kinetic analysis has been performed using CANTERA 1 software package. CANTERA uses one-dimensional freely propagating flame to calculate laminar burning speed of premixed combustion. Mixture average diffusion model has been considered on the calculation. Laminar burning speed is calculated under wide range of equivalence ratios ranging from 0.6 to 1.4. Furthermore, an adaptive grid refinement with an average of 1000 points is used over the domain. Ignition delay time is calculated using zero dimensional kinetics of a constant volume reactor.
The mechanism of liming Cai and Pitsch [31] is used for calculating pure iso-octane, pure ethanol, and ethanol/iso-octane blend. This mechanism is a combination of C1-C4 hydrocarbons, added with n-heptane, toluene, and ethanol model. It is composed of 339 species and 2761 reactions. The mechanism is optimized and validated against different experimental results of laminar burning speed and ignition delay time. To calculate the DMF and DMF/ iso-octane blend, mechanism proposed by Eldeeb and AkihKumgeh [11] has been considered. The mechanism consists of 686 species and 3691 reactions. This mechanism is the combination of iso-octane mechanism by Mehl et al. [1] and detailed DMF mechanism by Somers et al. [2] . The mechanism is validated with the experimental result of ignition delay time.
Results and Discussion
Laminar burning speed for pure ethanol and iso-octane is calculated at temperature 358 K. Equivalence ratio varies from 0.6 to 1.4. A different temperature of 393 K is used for DMF due to availability of experimental data in literature. All simulation of laminar burning speed was done at 1 atm pressure. For ignition delay time, different equivalence ratios and pressures are considered for each fuel based on available experimental data. For the blending effect, 5%, 25%, and 50% blends of ethanol/iso-octane and DMF/iso-octane are considered. A pressure of 40 atm and equivalence ratio of one is used in calculating ignition delay time of blending mixtures. First, the selected mechanisms are validated against available data in literature. Second, the chemical mechanisms are used to obtain combustion characteristics of ethanol/isooctane and DMF/iso-octane blends. Finally, the obtained results are compared and the effect of each drop-in fuels is discussed.
Kinetic Mechanisms Validation
Iso-Octane. The actual fuel of gasoline is a complex composition. To meet the behavior of actual gasoline in a simpler way, 1 https://cantera.github.io/docs/sphinx/html/about.html?highlight=cite several pure hydrocarbons are combined, which results in a surrogate component. That is why gasoline surrogate is the mixture of several pure hydrocarbons. One of the main components in the gasoline surrogate is the iso-octane. Therefore, in this numerical simulation, iso-octane is considered in calculating laminar burning speed and ignition delay time. Laminar burning speeds of isooctane are shown in Fig. 1 . The result of current simulation is also compared with available experimental data. As shown in Fig. 1 , laminar burning speed of current simulation agrees well with experimental data at temperature of 358 K and pressure 1 atm.
Ignition delay time is also calculated at different temperature for iso-octane/air mixture. Figure 2 shows the calculated ignition delay time of iso-octane at varying temperature. It also shows the comparison of calculated results with available experimental data. The calculated results of ignition delay time at Fig. 2 agree well with the available data in literature. For computing both laminar burning speed and ignition delay time, 21% oxygen and 79% nitrogen composition of air are used.
Ethanol. Laminar burning speed and ignition delay time of ethanol/air mixture were evaluated through numerical calculation. Figure 3 is showing the laminar flame speed comparison of calculated and experimental results. An equivalence ratio range of 0.6-1.4 is considered for calculating laminar burning speed at 358 K temperature and 1 atm pressure. A good agreement of the result is found while comparing with experimental and numerical data of other researchers. This agreement is better at higher equivalence ratios. Figure 4 shows the comparison of calculated ignition delay time for ethanol/O 2 /Ar mixture with experimental results. Similar to the laminar burning speed, a good agreement is observed for ignition delay time calculation except in high temperature region. With the increase of temperature, ignition delay time of the experimental and numerical result of the reference is higher than the current mechanism used. These discrepancies of the result are addressed in the later section. In calculating laminar burning speed, the composition of air is 21% oxygen and 79% nitrogen. The ignition delay time is calculated under the condition of 1.25% ethanol, 3.75% oxygen, and 95% argon to match the condition of Dunphy and Simmie [32, 33] shock tube calculation. The pressure and equivalence ratio used in this calculation are 3.5 atm and one, respectively. [14] [15] [16] 22, 23, 27] ; dash line, numerical simulation [23] ; and solid line for this work) Fig. 2 Comparison of ignition delay time of iso-octane/air mixture at pressure of 40 atm and equivalence ratio of 1 (bullets represent experimental data [20, 21, 26] ; dash line, numerical simulation [31] ; and solid line for this work) Fig. 3 Comparison of laminar burning speed of ethanol/air mixture at 358 K temperature and 1 atm pressure (bullets represent experimental data [23, 27, 35, 37, 46] ; dash line, numerical simulation [23] ; and solid line for this work) Fig. 4 Comparison of ignition delay time of ethanol/O 2 /Ar mixture at pressure of 3.5 atm and equivalence ratio of 1 (bullet represents experimental data [32, 33] ; dash line, numerical simulation [17] ; and solid line for this work) condition. However, it matches well with the numerical result of Somers et al. [2, 74] . The sensitivity analysis of this mechanism is described in later section. The comparison of ignition delay time at Fig. 6 shows a good agreement with experimental result except a little variation at high temperature region. Pressure and temperature of 1 atm and 393 K and equivalence ratio from 0.8 to 1.4 are used for calculating the laminar burning speed. Equivalence ratio of one and pressure of 80 atm are considered in calculating the ignition delay times. In calculating laminar burning speed, the composition of air is 21% oxygen and 79% nitrogen. For ignition delay time, the composition of air is 20.5% O 2 and 79.5% N 2 . The results of laminar burning speed of current simulation followed the similar pattern with available data from the literature.
Sensitivity Analysis. Sensitivity analysis for laminar burning speed is performed using CANTERA software. CANTERA uses the following normalized equitation:
where s i is the normalized sensitivities, S u is the laminar burning speed, and k i is the reaction rate constant. Result of sensitivity analysis on DMF based on laminar burning speed is shown in the Fig. 7 . The analysis is performed on different equivalence ratios from 0.8 to 1.2. Temperatures of 393 K and 1 atm pressure are considered in this calculation. From sensitivity analysis of different equivalence ratios, it is obvious that mostly small hydrocarbon species and reactions of hydrogen abstraction are affecting the laminar flame speed. The forward reaction H þ O 2 () O þ OH is the most sensitive reaction in every equivalence ratio. The next two sensitive reactions are CO þ OH () CO 2 þ H and
put adverse effect on laminar burning speed. Apart from most sensitive small hydrocarbon reactions, the next most sensitive reactions are hydrogen abstraction reactions from alkyl group through O 2 or OH radicals. This H abstraction from alkyl group leads to chain branching reactions which influence the higher burning speed. These reactions are C 2 H 3 þ O 2 () CH 2 CHO þ H and C 2 H 2 þ O () H þ HCCO. At higher equivalence ratios, H abstraction by OH radical (CH 3 þ OH () CH 2 OH þ H) is more significant than in lower equivalence ratios. DMF reaction with hydrogen generates MF along with CH 3 radical. At higher equivalence ratios, the hydrogen reactions with alkyl group are found highly sensitive. This effect is less in lower equivalence cases. It is found that the chain branching reactions in the presence of alkyl group for higher equivalence ratios are more sensitive than at lower equivalence ratios, which could be the reason for the difference in laminar flame speed at lean condition as shown in Fig. 5 . The sensitivities of ignition delay time are calculated based on local sensitivity of temperature [75] . The following normalized equation in CANTERA is used for the sensitivity calculation:
where y k is the state variable like temperature and p i is the reaction rate. Mechanism of liming Cai and Pitsch [31] is used in calculation. Sensitivity analysis of temperature in current mechanism is shown in Fig. 8 . The analysis has done on different temperature of 1300 K, 1400 K, and 1500 K, pressure of 3.3 atm and equivalence ratio of one. Same conditions are used to do sensitivity analysis on Marinov mechanism [17] , which is for pure ethanol as shown in Fig. 9 . At 1500 K temperature the most sensitive reactions for the current mechanism is the small hydrogen branching reaction H þ O 2 () O þ OH which generates OH radicals. Same reaction is found sensitive at Marinov mechanism. Other sensitive reactions in the current mechanism are C 2 H 5 OH (þM) Almost similar sensitive reactions are found at 1400 K temperature for both mechanisms. The most sensitive reaction for current mechanism at this temperature is C 2 H 5 OH (þM) () C 2 H 5 þ OH(þM). At 1300 K temperature, most sensitive reaction in the current model is the chain branching initiative reaction of ethanol (C 2 H 5 OH (þM) () CH 2 OH þ CH 3 (þM) and CH 3 þ HO 2 () CH 3 O þ OH). The sensitivities of these reactions are comparatively less in the Marinov mechanism at the same temperature. This difference has an effect on lowering the ignition delay time of current mechanism at higher temperature. The other sensitive reactions at this temperature as shown in Fig.  8 are
One of the important reactions for ethanol mechanisms explained by Dunphy and Simmie [32, 33] is C 2 H 5 OH (þM) () CH 2 OH þ CH 3 (þM), which is present in the both mechanisms. The CH 3 þ HO 2 () CH 3 O þ OH reaction is considered as the primary supply reaction of OH radicals. This reaction leads to an important alternative path of reaction CH 3 þ HO 2 () CH 4 þ O 2, which is a termination reaction. This termination reaction is highly sensitive in the current mechanism than Marinov. This may also cause the lower ignition delay time at high temperature for the current model. OH radical is important for the oxidation of ethanol. The reaction H þ HO 2 () H 2 þ O 2 has a primary role in reducing OH radical, which is most sensitive termination reaction in Marinov mechanism [17] . In current mechanism, the OH radical reduction is occurred by HO 2 þ OH () H 2 O þ O 2 reaction. The termination reactions in most cases for current mechanism show higher sensitivity. This could be a reason for lowering ignition delay time of current model comparing to Marinov mechanism.
Effect of Ethanol Addition. Ethanol is used as an additive with iso-octane to find its effect on laminar burning speed and ignition delay time. Three different compositions of ethanol/isooctane blends (5/95, 25/75, and 50/50) are used for the calculation. Laminar burning speed of these mixtures is calculated at 358 Figure 10 shows the numerical calculation and comparison of laminar burning speed for different composition of ethanol/iso-octane. It also shows the laminar burning speed of pure ethanol and pure iso-octane. At the same conditions, ethanol has much higher burning speed comparing with iso-octane. The difference of laminar burning speed between ethanol and isooctane is higher at rich condition than the lean condition. It is found that the trend of laminar burning speed of all blending fuels is similar to the result of pure iso-octane. Addition of ethanol in a very small amount (5%) does not affect much on laminar burning speed of iso-octane. Laminar burning speed changes slightly by addition of 25% ethanol. Addition of 50% ethanol shows a significant increase of laminar burning speed comparing with isooctane. This increase is found in all equivalence ratios. However, similar to pure ethanol the difference of burning speed is higher at higher equivalence ratios. Therefore, it indicates that effect of ethanol becomes prominent on iso-octane when 50% or more composition is added.
Ignition delay time of three blending fuels is calculated at 40 atm pressure and equivalence ratio of 1. Figure 11 shows the comparison of ignition delay time for three different ethanol/isooctane mixtures. It also shows the comparison of ignition delay time of pure ethanol and pure iso-octane. Nitrogen/oxygen ratio for this calculation is 79/21. The temperature varies from 650 to 1100 K. Ethanol has very high ignition delay time than iso-octane specifically at lower temperatures. Similar to laminar burning speed, 5% addition of ethanol has negligible effect on ignition delay time of iso-octane. At 25% ethanol/iso-octane composition, there is a slight increase in ignition delay time at low temperatures. The significant increase of ignition delay time has observed for the 50/50 blending ratio of ethanol and iso-octane. Figure 12 (a) shows laminar burning speed of ethanol/iso-octane blend at different ethanol percentages. It is found that, for all blending cases, laminar burning speed is high at equivalence ratios of 1 and 1.2. Lower value of laminar burning speed is observed at equivalence ratio of 0.6. A percentage change is calculated for laminar burning speed and ignition delay time. This change is calculated as the ratio of difference between blended fuel and pure iso-octane by the absolute difference between pure ethanol and pure iso-octane
Figure 12(b) shows the percentage change of laminar burning speed for ethanol and iso-octane blend at different equivalence ratios. The percentage change of burning speed due to addition of ethanol is higher at equivalence ratios of 1.0-1.2. The highest change of burning speed of mixture is with 50% addition of ethanol. The percentage change is very negligible for 5% addition of ethanol.
In Fig. 13(a) , the effect of ignition delay time is shown at different percentage of ethanol. It is found that ignition delay time of blended fuel increases with increasing the ethanol concentration. This figure also shows that ignition delay time has an inverse relation with temperature. The lowest ignition delay time occurs at the high temperature of 1100 K. Ignition delay time is higher at low temperature of 650 K. In Fig. 13(b) , the percentage change of ignition delay time for the blended fuel is shown at different temperature conditions. At high temperatures, the percentage change of ignition delay time is negative, because ignition delay time decreases with ethanol addition. The percentage change of ignition delay time at 650 K is not significant as shown in Fig. 13(b) . This is because at 650 K temperature ignition delay time of 50/50 composition is not high enough comparing to the value of pure ethanol.
Effect of Dimethyl Furan Addition. Laminar burning speed and ignition delay time of DMF/iso-octane blended fuel are shown in Figs. 14 and 15. The simulation is carried out at 5%, 25%, and 50% DMF/iso-octane mixture compositions. Laminar burning speed calculation is done at 358 K temperature and 1 atm pressure. The range of equivalence ratio is from 0.6 to 1.4. The comparison of laminar burning speed for pure iso-octane and pure DMF is shown in Fig. 14 . Similar to ethanol, DMF has high burning speed comparing to iso-octane. Results showed that laminar burning speed of iso-octane increases with addition of 5% DMF. This increase in burning speed varies between rich and lean conditions. Similarly, addition of 25% DMF increases laminar burning speed of iso-octane. 50/50 composition of DMF/iso-octane increases the overall burning speed. The change between 5% and 25% DMF/ iso-octane composition is negligible at fuel lean condition but significant at fuel-rich condition. For 50% DMF addition, the laminar burning speed changes significantly at overall equivalence ratio.
Ignition delay time measurement of DMF/iso-octane is carried out at 40 atm pressure, equivalence ratio of 1 and fixed nitrogen oxygen ratio of 79/21. Temperature varies from 650 to 1100 K. Figure 15 shows the ignition delay time for DMF/iso-octane mixtures. It also compares the result of pure DMF and pure iso-octane ignition delay times. DMF has the longest ignition delay time compared to iso-octane at low temperature. The result of all blending fuels falls between these two pure fuels. With 5% addition of DMF, ignition delay time of iso-octane changes mostly at lower temperatures. However, at higher temperature, the change is negligible. With 25% and 50% addition of DMF, the change of ignition delay is significant in both higher and lower temperature regions. At 50/50 blending ratio, the ignition delay time of isooctane becomes almost close to DMF results. The relative study in between three blending ratios showed a gradual increase of ignition delay time at low temperature cases. At higher temperature, this behavior is opposite. Figure 16 (a) shows the laminar burning speed of the DMF/isooctane mixture at different equivalence ratios. The highest value of laminar burning speed is found at equivalence ratio 1.0. For all equivalence ratios, 50/50 composition of DMF/iso-octane has higher value of burning speed. A percentage change in laminar burning speed and ignition delay time is calculated using Eq. (3) for DMF addition. Figure 16(b) shows the percentage change of laminar burning speed at different equivalence ratios. While comparing different percentage of DMF addition, the highest percentage change is found at equivalence of 0.8. However, the change between 5% and 25% is high at equivalence ratios 1.2 and 1.4, which defines addition of DMF has a significant effect at fuel-rich conditions.
The change of ignition delay at varying percentage of DMF addition is shown in Fig. 17(a) . From this figure, it is found that highest value of ignition delay time of DMF/iso-octane blend is at lower temperature of 650 K. Value of ignition delay gradually decreases with the increase of temperature. The lowest value is at 1100 K temperature, which indicates that at lower temperature, DMF has higher reactivity. Using Eq. (3), the percentage change of ignition delay time is calculated with respect to temperature and shown in Fig. 17(b) . It is found that the highest percentage change of ignition delay occurs at 800 K temperature. As found in Fig. 17(b) , the change of ignition delay is negative at higher temperatures and positive at lower temperatures. DMF was found to be more active at low temperature cases. Fig. 18 Comparison of laminar burning speed of 5%, 25%, and 50% of ethanol and DMF blend with iso-octane at different equivalence ratios Fig. 19 Comparison of ignition delay time of 5%, 25%, and 50% ethanol and DMF blend with iso-octane at different temperatures Ethanol and Dimethyl Furan Comparison. The effect of ethanol and DMF additive on iso-octane is measured under same blending composition and properties. Addition of both fuels shows changes on laminar burning speed and ignition delay time of iso-octane. The prominent change for both fuel blends is found at 50% composition. A comparison on laminar burning speed and ignition delay time of blended fuel of ethanol/iso-octane and DMF/iso-octane with pure iso-octane is shown in Figs. 18 and 19 . From Fig. 18 , it is clear that for all blending cases, addition of DMF gives higher burning speed than addition of ethanol. Even at 5% blending ratio, where the changes on laminar burning speed of iso-octane due to ethanol addition are negligible, DMF shows better increase. For 25% and 50% mixture composition, presence of DMF shows higher burning speed than ethanol.
Similarly, Fig. 19 shows the comparison of ignition delay time of different fuel additives with iso-octane. Almost no change is observed in ignition delay time of iso-octane with addition of 5% ethanol. At the same percentage, addition of DMF shows a significant difference in ignition delay time. The highest increase of ignition delay due to DMF or ethanol is observed at 650 K temperature. For ethanol additive, this change is only significant for 50% composition. Except high temperature of 1000 K and 1100 K, DMF shows significant changes on ignition delay time at all percentage addition. At higher temperatures, both additives show less effectiveness on ignition delay.
Conclusion
Two important combustion characteristics, laminar burning speed and ignition delay time, were calculated numerically in this work on three different blending ratios of ethanol/iso-octane and DMF/iso-octane. To validate the mechanism and simulation, a detailed comparison of laminar burning speed and ignition delay time with available data in literature is done on each pure fuel. Different percentage of 5%, 25%, and 50% ethanol and DMF were added with iso-octane separately to find the effect of drop-in fuels. Laminar burning speed for each case was calculated at 0.6-1.4 equivalence ratios and 358 K temperature. Ignition delay time was calculated at temperature from 650-1100 K. The results were compared with pure iso-octane, pure ethanol, and pure DMF. For each case, it is obvious that blended fuel results fall in between two pure fuels.
In case of laminar burning speed, ethanol has very little effect at 5% and 25% addition, comparing to 50%. DMF shows significant effect on laminar burning speed but it is more prominent at fuel-rich conditions. For ignition delay time, addition of ethanol is not significant at high temperature. At low temperature, 50% addition of ethanol increases the ignition delay time. The effect of DMF addition on ignition delay is significant in all temperatures. However, this change is positive at lower temperatures and negative at higher temperatures. Comparing both ethanol and DMF blend with iso-octane, it is clear that addition of DMF changes the characteristics of iso-octane more significantly than ethanol. In both fuels, 5% addition is not that significant compared to 50% addition. However, the change for the same percentage of DMF is more prominent than ethanol. It is also found that DMF addition for fuel-rich condition and low temperature conditions are significant. Based on these observations, DMF seems to be a better drop-in fuel than ethanol. However, further study is required on varying range of parameters to get a conclusion on the observation.
